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Abstract
Poor visibility can pose a serious safety hazard in helicopter flight, leading to a loss of situation awareness, spatial disorientation, 
and high pilot workload. Therefore, the use of helmet-mounted displays recently became increasingly important for rotary-wing 
aircraft. To assist pilots in degraded visual environment, new HMD symbology designs were developed at the DLR Institute of 
Flight Guidance. They were tested in a simulator study with 18 civil and military helicopter pilots and compared to a state-of-the 
art PFD/ND test condition. Concurrent task performance was investigated, which includedthe detectionand identification 
oftargets in the environment.Hit rate was analyzed as a function of display type, visibility, target type, and the presence or 
absence of cueing. Moreover, differences between pilot experience and operational area were assessed. Results revealed a 
significant HMD detection cost for un-cued targets compared to when no symbology was presented. In contrast, cueing 
significantly increased hit rate, resulting in substantial HMD benefits when proper attentional guidance was provided.
© 2015 The Authors.Published by Elsevier B.V.
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1. Introduction
Degraded visual environment can pose a serious safety hazard in both civil and military helicopter flight. The 
loss of visual references in the outside scene is highly demanding inasmuch as it can lead to poor situation 
awareness, spatial disorientation, and high pilot workload. Moreover, it poses a risk of collision with other aircraft 
or obstacles during low level flight. 
*Corresponding author. Tel.: +49 531 295-2163; fax: +49 531 295-2550.
E-mail address: Patrizia.knabl@dlr.de
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of AHFE Conference
2559 Patrizia Knabl et al. /  Procedia Manufacturing  3 ( 2015 )  2558 – 2565 
Therefore, helmet-mounted displays became increasingly important for rotary-wing aircraft in recent years, since 
they provide pilots with relevant flight information in the forward field-of-view. As a result, they facilitate an 
accurate perception of both the instrument information and the environment by enabling parallel monitoring of the 
two domains. Thus time-consuming head-down scanning costs can be reduced. However, HMD also pose a risk of 
overly capturing attention on the symbology (attention fixation) and obscuring objects in the environment due to 
high clutter.Moreover, previous literature indicates that event detection performance in superimposed displays 
largely depends on event expectancy. Thereby, the detection of expected events was often found to be facilitated by 
head-up or helmet-mounted displays, whereas unexpected events were reported later or even entirely missed 
[1,2].When equipped with a head-tracker, HMD allow the symbols to be perfectly aligned with the outside scene. 
This is usually referred to as visual conformance andallows for the use of precise target cueing. In that way, 
attention can easily be directed towards a certain area or point of interest. In general, it has beenargued that 
operators have limited perceptual and attentional capabilities, and information is not always readily available in an 
operational environment. Therefore the importance of cueing to facilitate information acquisition and overall 
enhance situation awarenessis emphasized[3]. Important features of a cue are its physical salience, precision, and 
reliability. Salience relates to those properties that direct attention, precision refers to the magnitude of the search 
space, and reliability relates to the probability that the cue is correct. While imprecise cues were still found to 
decrease search time, unreliable cues were found to increase search time compared to when no cue was presented
[4]. With regard to HMD, cueing was investigated in the scope of several experiments in a simulated Army scouting 
mission. Those studies primarily focused on target search and identification associated with cueing, event 
expectancy and the cost of clutter, and generally found HMD detection benefits for cued targets[4,5,6,8]. A review 
of eleven studies on attentional guidance concluded that amongst other implications, cueing was generally superior 
to no cueing, integration tasks were onlyserved by valid cueing, and attentional guidance may overly rely on cueing 
in immersed displays or conformal HMD [7].
In the present study, pilot performance with HMD in expected far domain event detection and the role of target 
cueing are investigated in a simulated helicopter flight during poor visibility conditions. Based on previous findings, 
it was hypothesized that expected event detection should be facilitated by the divided attention benefit of the HMD, 
and even more by the presence of cueing. The particulars of the conducting and results will be illustrated 
subsequently.
2. Method
2.1. Participants
Eighteen pilots participated in the experiment. Nine were civil pilots from the German Federal Police Force and 
the German (DRF) and Swiss (REGA) air rescue providers and nine were military pilots from the German Armed 
Forces. They had an average age of 45 (SD = 7) years and an average experience of 4401 (SD = 3867) flight hours 
in total and 1167 (SD = 758) on their currently operated helicopter type. Eight pilots had never used an HMD 
before, six had already flown with an HMD in the simulator and four had additional experience in real flight. Those 
with prior experience averaged 178 (SD = 366) HMD flight hours. 
2.2. Experimental design
A total of 12 scenarios were flown by each participant, thereof six with the HMD and the same six with a 
PFD/ND configuration. The order of display type and visibility condition was counterbalanced. One half completed 
all six scenarios with the HMD, followed by the PFD/ND condition; the other half vice versa. Moreover, one half 
started six scenarios in average changing to poor visibility and six scenarios vice versa. The other half completed the 
same scenarios with exactly the opposite visibility condition. 
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Fig. 1.(a) Generic Cockpit Simulator; (b) Elbit JEDEYE™ HMD.
2.3. Apparatus
The study was conducted in the DLR Generic Cockpit Simulator (GECO), which features a side-by-side cockpit 
layout of an Airbus 350. In order to allow helicopter simulation the regular rotary-wing flight controls (cyclic, 
collective and yaw control) were integrated on the right side of the cockpit. The cyclic and collective feature active 
feedback and allow for adaption of control characteristics and different flight modes. The helicopter simulation was 
carried out based on X-Plane providing the flight dynamics of a Eurocopter EC 135.The visual system of GECO 
features a collimated view, providing depth perception of infinity. Three high resolution projectors display an area 
of 180° by 40°. The head down displays used for the presentation of the primary flight display (PFD) and the 
navigation display (ND) were commercial off-the-shelf panel mounted color multifunction displays. The helmet-
mounted display used was the ElbitJEDEYE™ HMD. It is a binocular, wide field of view (2 x 80 x 40 degree) and 
high resolution (2 x 1920 x 1200 pixel) monochrome green display equipped with a 400Hz magnetic head tracker.
2.4. Procedure
Atest day took approximately eight hours. Pilots underwent an extensive briefing which was followed by 90
minutes of training. They also provided informed consent and filled out a biographical questionnaire. The actual 
testing phase was conducted in two blocks, which each consisted of six scenarios starting either with the HMD or 
the PFD/ND(baseline) symbology. The baseline condition featured a standard primary flight display (PFD) and a de-
cluttered navigation display (ND). Participants wore the HMD with the visor folded down also in the PFD/ND
scenarios to ensure equal conditions of brightness and contrast. During HMD scenarios pilots were instructed to 
only use the superimposed symbology on the visor and ignore the head-down instrumentation. The HMD 
symbology is described in detail in [9]. Finally pilots completed questionnaires on symbology design and helmet use 
and provided overall feedback in a debriefing session.
2.5. Scenario design and tasks
A scenario took about 10-12 minutes to complete. Two visibility conditions occurred during the flight. Average 
visibility provided a visual range of approximately 800 meters, poor visibility a range of approximately 1200 meters. 
Visibility condition changed after half of the en route phase in each scenario. Concurrent task performance was 
investigated and consisted of two main tasks. First, a display monitoring task required to scan for indicated changes
in speed, heading, or altitude, adjust the parameters accordingly, and maintain the pre-determined flight path. 
Second, a far domain vigilance task required to search for targets (fuel trucks) in the environment. Pilots were 
instructed to report their type (friend, foe, neutral) based on their color (green, red, grey) and press a corresponding 
button on the center stick. In each scenario 20 targets occurred, thereof ten in each visibility condition. Half of the 
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Fig. 2.HMD symbology and view of the outside scene.
targets were additionally cued in the HMD condition. The cue was presented as a see-through diamond that was 
superimposed on the actual target location. It only delivered information on target position but not on target type. No 
cueing was presented in the baseline scenarios. Fig. 2 illustrates the HMD symbology, which additionally featured 
2D flight information, a conformal presentation of the horizon, the intended route, as well as surrounding obstacles.
3. Results
The first pilot was excluded from the analysis due to target adjustments that had to be made afterwards, which 
resulted in a slightly different target set and detection difficulty for the remaining 17 pilots. Hit rate was calculated 
for each target type and defined as the proportion of targets to which a correct answer was given (e.g. pushing a 
“foe” button to a foe target). It has to be noted that the true detection performance is usually a function of both hit 
and false alarm rate, relating to signal detection theory. However, since false alarms were very rarely obtained, hit 
rate indeed reflected the true rate of targets detected. Moreover, the experimental setup only allowed for a fixed 
target set, where some targets were always cued and some targets were not. 
Firstly, an overall analysis was performed comparing the un-cued HMD targets, cued HMD targets, and all 
targets in the baseline condition.Therefore, a 3 (display) x 2 (visibility) repeated measures ANOVA was 
conducted.Significant main effects for both display and visibility were obtained) S ȘðS 
) S ȘðS UHVSHFWLYHO\. The interaction was also significant, F (2, 32) = 8.58, p = 
.001, Șðp = .349. Hit rate was significantly higher in the cued than in the un-cued HMD and the baseline condition. 
More targets were also detected in the baseline compared to the un-cued HMD condition. Results on the main effect 
of visibility revealed that fewer hits were obtained in poor than in average visibility. The interaction indicates that 
cueing was particularly beneficial in poor visibility, although hit rate was still significantly higher in average than in 
poor visibility when the target was cued, t (16) = -3.06, p = .008. Moreover, although cueing enhanced detection 
performance in average visibility compared to the baseline, this improvement was not as substantial as anticipated, 
t (16) = 2.25, p = .039.However, as already noted, targets in the overall analysis were confounded, since some 
targets were always cued, some were not, and the baseline condition included all targets.Therefore detection 
performance was further investigated separately for the cued and un-cued target set, because it could not be
guaranteed that targets were equally difficult to detect in both sets. Two 3-way repeated measures ANOVAs were 
calculated, which additionally accounted for target type. 
In the un-cued target set significant results were obtained for the main effect display type towards a lower hit rate 
ZLWKWKH+0'FRPSDUHGWRWKHEDVHOLQH) S Șðp = .566. Also, hit rate was again lower in 
poor than in average visibility, F (1,16)= 110.45, S Șðp = .873. In addition, significantly fewer friend targets 
were detected than foe and neutral targets, )      S    Șðp = .678. A strong trend was 
observed for the LQWHUDFWLRQ YLVLELOLW\ [ WDUJHW W\SH )     S    Șðp = .183. Post-hoc t-tests 
indicate that hit rate was significantly lower for foe than neutral targets in poor visibility, t (16) = -2.24, p = .040, but 
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not in average, (p = .593). Finally, a significant result was found for the second order interaction display x visibility 
x target, F(2, 32) = 4.63, S Șðp = .224, indicating that the foe target detection cost compared to neutral targets 
was only apparent in poor visibility with the baseline, t (16) = -3.02, p = .008, but not the HMD (p = .322) (Fig. 3). 
In the cued target set results also revealed a significant main effect of display type, but towards a higher hit rate 
for the HMD compared to the baseline, F (1, 16) = 16.45, p = .001, Șðp = .507. Furthermore, significantly fewer 
targets were again detected in poor than in average visibility, F (1, 16) = 22.96, p = .000, Șðp = 589. Likewise, hit 
rate was significantly lower for friend targets compared to foe and neutral targets, F (1.35, 21.58) = 34.06, p = .000, 
Șðp = .680. Moreover, a significant result was obtained for the display x target typeinteraction, F (2, 32) = 5.27, p = 
.010, Șðp =.248. Post hoc t-tests revealed that this is related to the fact that only friend and foe targets did benefit 
significantly from the HMD cueing compared to the baseline, however neutral targets did so only by a very small 
trend; friend: t (16) = 4.40, p = .000; foe: t (16) = 2.70, p = .016; neutral: t (16) = 1.81, p = .090) (Fig. 4).
In addition, differences with regard to operational area (civil vs. military) and flight experience were assessed. 
Based on the descriptive inspection of the distribution of total flight hours, the cut was made at 2700 flight hours 
(median: 3550 fh). Pilots with 2700 hours or less experience were allocated to the novice group (N = 7), whereas 
those with more than 2700 hours of experience were allocated to the expert group (N = 11). Two 3-way split plot 
ANOVAS were calculated. Target type was not accounted for. Since the general influences of display type and 
visibility are already discussed in the prior analyses, the subsequent results only focus on the influence of the 
between subject factors.
Fig. 3.Hit rate (un-cued set) as a function of display type, visibility and target type.
Fig. 4.Hit rate (cued set) as a function of display type and visibility (left) and display and target type (right).
With regard to operational area, the un-cued target set analysis revealed significant results for the visibility x 
RSHUDWLRQDODUHDLQWHUDFWLRQ) S ȘðS DQGWKHWKUHHway interaction, F (1, 15) = 6.02, 
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S    ȘðS    Post hoct-tests indicate that operational area did not affect hit rate during poor visibility, 
t (15) = 0.00, p = .996. However, military pilots detected more targets in average visibility than civil pilots, t (15) = 
-2.28, p = .038. Moreover, the second order interaction indicates that this only applies to the HMD, t (15) = -2.44, 
p = .027, but not to the baseline (p = .163) (Fig. 5). Also for the cued target set, the main effect operational area was 
not significant (p = .339) and again a marginal significant visibility x operational area interaction was found, F (1, 
 S ȘðS DVZHOODVDVLJQLILFDQWWKUHH-ZD\LQWHUDFWLRQ) S ȘðS 
The former corresponds to the results of the un-cued target set inasmuch as hit rate did not differ between civil and 
military pilots in poor visibility (p = .994), however, military pilots detected again more targets in average visibility 
than civil pilots, t (15) = -2.39, p = .031. The latter indicates that this, in contrast to the un-cued set, only applies to 
the baseline condition, t (15) = -3.83, p = .002, but not the HMD (p = .574) (Fig. 6).
With regard to flight experience, novice and expert pilots did not differ in hit rate, (p = .118), nor between display 
type (p = .178) or visibility condition (p = .275) in the un-cued target set Also, no differences in flight experience (p 
= .755) and the interaction with visibility (p = .139) were found for the cued target set. However, a trend was 
REWDLQHG IRU GLVSOD\ [ IOLJKW H[SHULHQFH )      S    ȘðS    ,W LQGLFDWHV WKDW GLVSOD\ W\SH
particularly influenced target detection for novices, who detected significantly more targets with the HMD (M = 
0.79, SD = 0.12) than with the baseline (M = 0.57, SD = 0.08), t (6) = 4.08, p = .007. In contrast, experts only 
showed a marginal HMD advantage (M = 0.71, SD = 0.18) compared to the baseline (M = 0.62, SD = 0.11), t (9) = 
2.23, p = .053.
Fig. 5.Hit rate (un-cued set) as a function of display type, visibility and operational area.
Fig. 6. Hit rate (cued set) as a function of display type, visibility and operational area.
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4. Discussion
To sum up, the paper presented results on target detection with HMD compared to a state-of-the-art PFD/ND 
baseline condition and further investigated the role of target cueing. This was tested in a real-time, high-fidelity 
helicopter flight simulation during two levels of degraded visual environment. It was hypothesized that expected 
event detection should be facilitated by the divided attention benefit of HMD, and even more by the presence of 
cueing. This hypothesis was only partly confirmed. 
In general, results showed that the task was relatively difficult, since overall rather few targets were detected. The 
lowest hit rate was obtainedin the un-cued HMD, followed by the baseline condition. Hence, the result does not 
support the hypothesis of an HMD divided attention benefit. The un-cued HMD cost corresponds to prior findings 
observed for HMD costs in comparison to a hand-held display for un-cued targets [5]. Despite the high amount of 
conformal symbology, the cost is at least partly attributed to clutter elicited by the remaining non-conformal 
symbology. This is also consistent with clutter costs found for un-cued and low-salience targets [8]. 
However, cueing significantly aided target detection and the HMD cost reversed towards an HMD benefit when a
cue was presented. The result corresponds to prior findings on benefits for target cueing with HMD [4,5,6] and is 
attributed to both decreased scanning time as well as efficient and successful attention guidance. Note that all cues 
were highly precise and accurate, and all targets were visible. However, a quite surprising and interesting finding 
isthat detection performance was still not excellentwhena cue was presented. Instead, only 74% of the cued targets 
were reported, so pilots missed more than 20 % of the targetseven when they were cued. 
At first sight, an obvious explanation may be that non-hit cued targets were false alarms. In that way, a target 
would be detected but assigned a wrong type and therefore not be included in the hit rate analysis. This was however 
not the case, since the false alarm rate was generally very low and cannot account for the high number of misses. 
Also, a still very small but comparatively higher false alarm rate found for cued targets indicates that cueing elicited 
a tendency to respond to a cue even under uncertainty of the target type rather than omitting it. Thus, it is assumed 
that non-hits resulted rather from a failure in cuedetection than target discrimination. It is hypothesized that the 
initial overlooking of the cue was caused by a cost of clutter, as well as attention allocation and fixation to other 
areas of interest when operating in a complex multi-task environment.It can also be argued that cue salience was not 
sufficiently high, which may have contributed to the result. Finally, pilots sometimes got confused whether they had 
already identified a cued target or not, because the cue did not disappear after the button was pushed. Instead it 
disappeared not before the target was passed. This however resulted more in double responses than in omissions.
Regarding visibility condition, the lower hit rate in poor visibility is not surprising. Here, target detection was 
more difficult, time-critical, and demanded for more visual attention being directed to the far domain. Furthermore, 
the fixed-wing cockpit layout was lacking the lower front windshield. As a result, pilots were not able to see targets 
at very close range since they disappeared under the cockpit’s glare shield. Correspondingly, cueing was particularly 
advantageous in poor visibility. Also, less experienced pilots particularly benefitedfrom cueing. It has to be noted 
that the definition of novices and experts was only based on the flight hour distribution of the present sample size, 
but cannot be interpreted as generally valid. Thus, it cannot be argued that pilots who were assigned to the less 
experienced group were truly novices. 
With regard to target type, detailed results on differences between foe and neutral targets will not be discussed 
here. However, the most prominent finding is the detection cost obtained for friend compared to foe and neutral 
targets. Two reasons are attributed to this, namely salience and colour. Friend targets featured the lowest salience 
due to low contrast in the simulated outside scene haze. The result corresponds to prior findings of detection costs 
for low salience targets [4,8].Second, it is assumed that the green target colour distorted detection because it 
interfered with the HMD symbology which was also green. As a result, some pilots stated that they found friend 
targets to be particularly difficult to detect, because green was already very prominent in their field of view.
With regard to operational area, military pilots detected more un-cued targets in average visibility, especially 
with the HMD. They also detected more targets with the PFD/ND in the cued target set during average visibility. 
The finding is attributed to both military training, and the fact that all of the HMD field-experienced pilots were 
military pilots. This is in line with prior findings [6] reporting overall similar trends for soldiers and civilians, 
although soldiers showed benefits in the accuracy and confidence of reporting target location.
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To conclude, helmet-mounted displays certainly provide the ability to greatly enhance situation awareness and 
flight safety during poor visibility helicopter flight. However, the present experiment found evidence that – even 
though scanning time between the near and far domain is reduced –the HMD to some extent impaired successful 
target search and identification performance compared to when no symbology was presented. Hence, a trade-off 
with regard to poorer performance in outside scene search and detection tasks has to be accounted for. As a result, 
adding information to the field of view may pose a risk of introducing drawbacks such as clutter costs and attention 
fixation. This particularly holds true for non-conformal symbology. Nevertheless, it was also found that target
detection can be largely increased by the implementation of cueing, where substantial HMD benefits were 
obtained.Thereby, cue salience is a particular concern, and issues such as precision, reliability, and the costs 
associated with missing a target are subject of further investigation in thatparticular context.
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